ABSTRACT: Porous carbons suffer from low specific capacitance, while intercalation-type active materials suffer from limited rate when used in asymmetric supercapacitors. We demonstrate that nanoconfinement of intercalation-type lithium titanate (Li 4 Ti 5 O 12 ) nanoparticles in carbon nanopores yielded nanocomposite materials that offer both high ion storage density and rapid ion transport through open and interconnected pore channels. The use of titanate increased both the gravimetric and volumetric capacity of porous carbons by more than an order of magnitude. High electrical conductivity of carbon and the small size of titanate crystals allowed the composite electrodes to achieve characteristic charge and discharge times comparable to that of the electric double-layer capacitors. The proposed composite synthesis methodology is simple, scalable, and applicable for a broad range of active intercalation materials, while the produced composite powders are compatible with commercial electrode fabrication processes. KEYWORDS: Li 4 Ti 5 O 12 , impregnation, anode, high rate, supercapacitors H igh-power electrochemical energy storage devices, such as electrochemical capacitors (also called supercapacitors) and high-power Li-ion batteries (LIBs), are becoming critical components of grid energy storage systems, hybrid electric vehicles, hybrid forklifts and hybrid cranes, the latest generation of energy-efficient ships, wind turbines, uninterruptable power supplies, and specialized electronic devices.
H igh-power electrochemical energy storage devices, such as electrochemical capacitors (also called supercapacitors) and high-power Li-ion batteries (LIBs), are becoming critical components of grid energy storage systems, hybrid electric vehicles, hybrid forklifts and hybrid cranes, the latest generation of energy-efficient ships, wind turbines, uninterruptable power supplies, and specialized electronic devices. 1−5 When compared with LIBs, supercapacitors generally offer longer cycle life, broader temperature window for efficient operation and higher power, 1,6−10 but commonly suffer from low volumetric energy density and the resulting high cost (per energy stored). 5, 11 The majority of commercial supercapacitors belong to the class of electrical double-layer capacitors (EDLCs) comprising porous carbon (mostly activated carbon, AC) in both positive and negative electrodes symmetrically and storing charge electrostatically. In order to increase the energy density of supercapacitors, asymmetric electrochemical capacitors (often termed asymmetric capacitors) had been proposed. At least one of the AC electrodes in such devices is replaced by a battery-like (pseudocapacitive) electrode. 5,10,12−26 In parallel with the efforts to increase the energy density in supercapacitors, the development of high-power LIBs has been rapidly progressed, as well. 3, 4, 27 As one of the anode materials for high-rate LIBs, spinel Li 4 Ti 5 O 12 (LTO), has attracted significant attention due to its "near zero" volume change during repeatable lithiation and delithiation, which contributes to its excellent cyclic stability. 28−31 One drawback of LTO to be qualified for high-rate performance is its poor electrical conductivity (10 −13 to 10 −9 S cm , etc.) into Li, Ti, or O sites of LTO. Unfortunately, the cyclic stability of such doped LTO was often found to be impaired, and the resulting rate performance was not as high as desired. 35, 36 Conductive carbon coating on the LTO surface may increase its electrical conductivity but, unfortunately, at the expense of significantly higher ionic resistance, which becomes a rate-limiting step in electrochemical reactions. The Li + transport in the bulk of LTO is also substantially slower than that in liquid electrolytes, which makes LTO electrodes sluggish compared to typical super-capacitor electrodes. 4 To address the slow ion transport, high surface area LTO morphologies, such as hollow nanostructures, 37 composite nanoparticles, 38, 39 nanosheets and nanowires, 40−42 and others, 29, 33, 34, 37, 43 have been explored. In spite of the promising results and significant progress in this field, the overall rate performance characteristics of nanostructured LTO are still 1−2 orders of magnitude slower than that of EDLCs. Further reduction in characteristic dimensions of LTO and thus Li + diffusion distance has been a challenge because the high annealing temperatures required during synthesis (700−800°C ) induce growth of LTO crystals due to Ostwald ripening. In addition, many of the recently explored nanostructures still suffer from low electrical conductivity, are difficult to handle and utilize in commercial electrode fabrication processes, and may additionally induce health hazards (particularly nanowires and nanoparticles).
Similar to LTO, most of the other battery and pseudocapacitive materials suffer from relatively low electrical conductivity. Several methods (in addition to physical mixing) to deposit ion-storing metal oxides and conductive polymers on the surface of electrically conductive carbon have been explored to improve the capacity retention and to reduce cell resistance of asymmetric capacitors. 5,12−20 The majority of studies utilized graphene and carbon nanotubes (CNTs), which have large pores between the particles that are available for oxide or hydroxide depositions but are often too costly and often too difficult to use in commercial electrode fabrication equipment. In addition, uniformity of such deposition is mostly limited. Some of the techniques that have been explored, such as atomic layer deposition (ALD) processes, offer well-controlled and extremely uniform deposition of smooth metal-oxide-based coatings on electrically conductive porous materials, 44, 45 which maximizes utilization of the active material in asymmetric capacitors (and high-power batteries) at high charge and discharge rates. However, ALD currently remains prohibitively expensive. 46 Herein, we report on a novel facile strategy for the synthesis of uniform and spherical Li 4 Ti 5 O 12 -activated carbon nanocomposites (LTO-ACs), where crystalline sub-4 nm LTO nanoparticles are uniformly distributed and confined in the nanopores of the carbon matrix but do not block these open and interconnected carbon pores. Carbon pore walls not only serve as spatial confinements to control the growth of LTO nanocrystals but also provide effective pathways to supply electrons directly to individual LTO nanoparticles. The interconnected open pores remaining in the LTO-AC composites allow for the rapid transport of Li + ions. As a result, the best LTO-AC samples comprising a small volume of mesopores demonstrated remarkable performance characteristics, showing more than 100 mA h g −1 at the ultrahigh rate of 350C (>60 A g , where charge or discharge takes place in ∼6 s. At this rate, the LTO-AC shows up to 12 times higher gravimetric capacity and 12 times higher volumetric capacity than pure AC. When compared with recently published LTO-based and other material-based supercapacitors, the reported LTO-AC composites show significantly higher specific capacity at higher current rates. In contrast to the previously reported nanosized particles of various shapes and sizes, which are difficult to handle and utilize in electrodes, micron-scale LTO-AC powders have the potential to serve as a drop-in replacement for AC powders in electrode production.
RESULTS AND DISCUSSION
The proposed synthesis protocol for LTO-ACs is schematically illustrated in Figure 1 . The synthesis of hydrophilic spherical AC particles was previously described by our group. 47 Three types of porous AC (AC #1, #2, and #3) with different pore size distribution were used in this work in order to reveal the impact of pore size distribution and particle size on the electrochemical characteristics of thus-produced electrode materials. As a first step, a clear concentrated solution of a Ti source (we used titanium(IV) butoxide) and a Li source (we used lithium acetate) in methanol was prepared and then slowly dropped into AC powders, followed by periodic vacuum-drying steps to evaporate methanol and confine the precursor mixture within the AC pores. The low surface tension of methanol in combination with strong capillary forces facilitated the successful impregnation of LTO precursors inside the AC pores, rather than deposition on the external surface of AC particles. In order to achieve higher loadings of LTO, these steps can be repeated several times. After infiltration of the sufficient content of the LTO precursor, the composites were preheated in air at ∼300°C to decompose titanium(IV) butoxide and lithium acetate into TiO 2 and Li 2 O, respectively. The temperature should be sufficiently low to prevent the oxidation of AC pore walls. The final synthesis step involved calcination (annealing) in an inert gas (argon) to obtain the LTO-ACs (LTO-AC #1, #2, and #3, respectively). The amount of the starting materials, Ti/Li sources and ACs, was controlled to be identical during the preparation, leading to the same mass ratios of LTO to AC in all three samples and eliminating the impact of chemical composition on the electrochemical properties. We shall also clarify that the proposed process is general, and the same procedures could be utilized for a broad range of other porous carbon materials, such as carbide-derived carbons, ordered mesoporous carbons, and zeolite-templated carbons, to mention a few. 7, 48, 49 Figure 2 shows results of the selective characterization techniques. Figure 2a shows the X-ray diffraction (XRD) pattern of LTO-ACs. All of the Bragg peaks can be ascribed to the spinel LTO phase (JCPDS card no. 49-0207, space group: Fd3m) without any significant content of residues or parasitic phases detected. 40 Thermogravimetric analysis (TGA) conducted in air could be utilized for determination of the carbon and LTO content in the LTO-ACs. A noticeable weight loss observed at 400−500°C corresponds to the oxidation of carbon in LTO-ACs (to CO and CO 2 gases), revealing the LTO weight fraction (52 wt % in our case; see Supporting Information Figure S1 ). Nitrogen sorption measurements of AC powders before and after impregnation with LTO nanoparticles reveal a decrease of Brunauer−Emmett−Teller (BET) surface area from 3100−3500 to 1300−1700 m 2 g −1 . This decrease is expected due to the increase in the mass of the samples. Despite this, the remaining volume of still open and interconnected pores might be sufficiently large to promote rapid electrolyte penetration to support electrochemical reactions at high rates (vide inf ra). The pore size distribution curves calculated by nonlocal density functional theory (NLDFT) of the empty AC spheres (AC #1, #2, and #3) and LTO-ACs (LTO-AC #1, #2, and #3) are plotted in Figure  2b ,c, respectively. More detailed information is present in Figure 4a (0−50 Å) and 4c (50−100 Å). All of the AC and LTO-ACs have a majority of pores within 4 nm. However, AC #3 and LTO-AC #3 also contain a small amount of mesopores (30−50 nm). The pores in the range of 1−4 nm facilitate electron tunneling from the conductive AC pore walls to LTO reaction sites since the average distance between conductive carbon and LTO is less than 1−2 nm, while the larger pores (up to ∼50 nm, particularly well-developed in AC #3, Figure   4c ) may provide pathways for faster Li + ion transport from the surface to the bulk of the composite. 47 The morphologies and microstructures of the empty AC templates and the produced LTO-ACs have been examined by scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM) studies. Figure  3a shows empty AC #2 particles, which exhibit nearly perfect spherical shape and high uniformity with an average diameter of ∼400 nm. After LTO loading, the morphology of LTO-AC #2 stays consistent with empty AC #2, and no distinct LTO nanoparticles could be seen on the outer surface of the spheres (Figure 3b ). Figure 3c ,d compares the transmission electron microscopy (TEM) micrographs of an empty AC #2 sphere and a LTO-AC #2 particle, where the LTO nanoparticles are dispersed uniformly in AC #2 (Figure 3c ). As seen in Figure 3d , the LTO particle size ranges from 2 to 4 nm, which is consistent with the AC #2 pore size distribution (Figures 2b  and 4a ). Since LTO nanoparticles are formed in the AC pores, their dimensions are restricted by the pore size. The scanning transmission electron microscope (STEM) micrograph ( Figure  3e ) represents the so-called Z-contrast imaging, where Z refers to the atomic number (the number of electrons per atom). In a Z-contrast image, the signal is proportional to the number of electrons per unit of illuminated area of a sample, which is strongly influenced by Ti (Z = 22) and O (Z = 8) atoms, and thus LTO uniformity could be directly visualized (in our case, as a nearly perfect projection of a uniformly dense spherical particle). Energy-dispersive spectroscopy (EDS) line scan analysis (Figure 3f ) confirms such observations and demonstrates that both Ti and O are uniformly distributed within the AC #2 spheres. LTO-AC #1, #2, and #3 samples were prepared using an identical process. The SEM and HR-TEM images of LTO-AC #3 and LTO-AC #1 are shown in Figure 3g ,i and Figure 3h ,j, respectively. All three samples impregnate LTO uniformly, and no LTO particles are observed outside the AC.
We emphasize the great flexibility that our approach offers for the design of such composite particles because their particle size distribution as well as LTO particle size and pore size distribution of the LTO-ACs could be easily tuned by adjusting size and porosity of the AC powders 50−54 (or other types of porous carbon powders) used for the vacuum impregnation process. Thus, the electrochemical, physical, and even mechanical properties of the composites are adjustable. We will demonstrate that relatively small variations in the porosity and morphology of the LTO-ACs dramatically impact their electrochemical performance characteristics.
Many previously reported studies utilized so-called half-cell configurations for electrochemical characterizations, where Li foil was used as a counter electrode (an anode). 34, 37, 40 While such cells are certainly easy to make, the results (both the reaction rate and cell stability) might be significantly different than that of the real cells. This is because the Li losses in this system are hidden by the huge excess of Li present in half-cells, because a majority of the side reactions take place on the Li anode (due to it lower potential) and because possibly harmful oxidation reactions are eliminated by the lack of the highvoltage cathodes in such cells. In addition, the rate of lithium ionization and deposition that occurred at the Li foil (eq 1) may be either slower or faster than the Li insertion and extraction rate into the cathode. In the case where Li plating/ ionization (eq 1) is slower than Li insertion/extraction into/ from LTO (eq 2), the rate performance of half-cells will no longer accurately reflect the rate capability of LTO.
Therefore, we carried out electrochemical tests of the produced LTO-AC anodes against a commercial activated carbon double-layer cathode, thus building asymmetric capacitor full cells. The cathode areal capacity exceeded that of the anode by at least 10% to make sure the overall performance is anode-limited. By examining cyclic voltammetry (CV) of such cells ( Figure S2 ) and revealing the potentials of the corresponding oxidation and reduction reactions, we selected the full cell range of 1.3−2.2 V for our studies. At the scan rate of 1 mV s −1 , two strong peaks at ∼1.82 V are observed when Li + ions are both intercalated or extracted from LTO (eq 2) and additionally adsorbed/desorbed onto/from the AC surface of the LTO-ACs, while the counterions are adsorbed/desorbed onto/from the surface of the commercial AC cathode. No side reaction peaks could be seen.
In EDLC and supercapacitor research, it is conventional to express ion storage abilities of the materials in the units of F g Figure 5a shows the impact of the composites' morphology and porosity on their capacity retention at ultrahigh rates. LTO-AC #1 with the smallest fraction of the mesopores (Figures 2c and  4d ) performs relatively poorly even at the lowest shown rate of 20C, and at 50C or higher rates, its capacity drops to the level close to that of a pure AC (Figure 5a ). Similarly sized LTO-AC #2 with a larger (but still relatively small) content of 30−50 nm mesopores performs significantly better and retains up to 50% of its capacity at the 200C rate. LTO-AC #3 with the largest (although still moderate, Figure 2c ) content of broadly distributed mesopores (Figure 4d ) and the smallest average particle size (Figure 3g ) showed remarkable rate performance characteristics, with specific gravimetric capacities as high as ∼105 mA h g −1 at 350C (61 A g −1 ). Because the majority of LTO nanoparticles are confined within the 0.5−4 nm electrically conductive carbon pores of approximately similar size in all three composites (Figure 2c) , our results suggest that the rate-limiting step in the electrochemical reactions (eq 2) is the transport of lithium ions, which is further supported by electrochemical impedance spectroscopy data ( Figure S5 ).
For practical applications (when one needs to maximize the energy storage in a given device), it is very important to achieve high volumetric capacities of 53−78 mA h cc −1 in LTO-AC #3 at 350C−20C rates ( Figure S4 ). These are up to 12 times higher than commercial AC in a symmetric configuration, thus providing dramatic improvements over state-of-the-art supercapacitor technology.
In contrast to flat slopes in the galvanostatic charge− discharge voltage profiles of EDLCs (AC//AC full cells, Figure  S3 ), the voltage profiles of AC//LTO-AC #3 cells exhibit a characteristic plateau (Figure 6a ). This is expected because the ion storage characteristics of the LTO-AC #3 electrode are dominated by the high-capacity LTO nanoparticles. The rate performance of the LTO nanoparticles embedded within AC #3 is quite remarkable, and even when current densities are increased to very high values (150−350C), polarization ( Figure  6a,b) remains small. Figure 6b also demonstrates characteristic charge and discharge times at selected rates. We see that at the highest current (350C), the LTO-AC #3 full cell can deliver 100 mA h cc −1 in ∼6 s, which is comparable with that of the AC//AC cell in the same electrolyte ( Figure S3 ). The cycle stability tests conducted on AC//LTO-ACs full cells (asymmetric electrochemical capacitor configuration) showed minimal capacity loss for over 1000 cycles at the rates of 1C and 100C (Figure 6c) , which is important for commercial applications.
Comparison with the highest-rate LTO electrodes reported in open literature, including carbon-coated LTO, 55 rutile-TiO 2 -coated LTO, 56 hierarchically porous LTO, 34 LTO hollow spheres, 37 and hydrogenated LTO nanowire arrays, 40 shows a clear rate performance advantage of the approach described here (Figure 5b ): the discharge rate of our LTO-AC #3 is nearly an order of magnitude faster than that of the best nanostructured LTO electrodes reported so far. In fact, previous work on LTO seldom involves a performance study at the rates higher than 50C. In order to compare our results with some of the very promising recently reported supercapacitor materials, such as NiMoO 4 nanosheets, 20 hierarchical MnMoO 4 /CoMoO 4 nanowires, 19 MoS 2 nanosheets, 17 titanium carbide "clay", 26 and CoMoO 4 graphene, 18 we present their rate performance curves in Figure 5c . We shall be clear, however, that the comparison with the state-of-the art given in these two panels (Figure 5b,c) should be considered only qualitatively because many such cells were constructed differently, using slightly different electrolytes and cell potential ranges. However, attractive capacity and rate performance characteristics of LTO-AC #3 materials are clearly visible and emphasize a great promise of the proposed approach to embed nanoparticles of intercalation-type materials (such as LTO) into microporous carbons for high-energy and high-power asymmetric supercapacitor applications.
In contrast to prior work, LTO-ACs described here contain the smallest (<4 nm) and uniformly distributed LTO in a conductive porous carbon matrix, preventing the aggregation of these nanocrystals. The nanoporous−mesoporous structure of the composites allows for the significantly faster ion diffusion and charge transfer, thus manifesting superior rate capacities at all current densities and particularly at high rates (>50C). Future work on the use of other porous carbons and optimizing the composite microstructure, density, and composition is expected to further enhance their performance. In addition to LTO, our innovative approach may be adjusted for use with other alkaline ion (Li, Na, K, etc.) intercalation-type active materials, thus offering multiple avenues for the formation of high-power energy storage devices to satisfy the rapidly growing industrial demands.
CONCLUSIONS
In summary, we have demonstrated an efficient approach to prepare nanoporous carbons with LTO nanocrystals embedded into the carbon pores without inducing any significant pore blockage. XRD studies confirmed the LTO crystal structure. SEM and TEM analyses demonstrated that no LTO nanoparticles are present on the outer surface of the electrically conductive porous carbon particles. TEM studies in combination with EDS line scans further showed very uniform distribution of LTO within the porous carbon particles, which is quite remarkable considering the simplicity of our approach. Using a hybrid full-cell system with activated carbon counter electrodes allowed us to objectively characterize the real rate performance of LTO-AC powder samples. Such studies revealed a major impact of the porosity of such composites on their rate performance characteristics. Our studies further suggested that conductive carbon pore walls successfully provided rapid access of electrons directly to the electrochemical reaction sites within individual LTO nanoparticles, making ionic transport a rate-limiting step for this system and allowing optimization of the pore size distribution for the desired energy-power balance. The best composite samples with only a modest content of broadly distributed mesopores (5−50 nm) showed charge−discharge rates comparable to that of the pure AC double-layer capacitor electrodes of comparable areal capacity loading, while offering significantly higher rate capability. More specifically, in comparison with pure AC, the produced LTO-ACs showed up to 12 times higher gravimetric capacity and 12 times higher volumetric capacity. Therefore, the proposed use of intercalation-type active material nanocrystals embedded into the nanoporous carbon pores shows great promises for use in asymmetric hybrid capacitors with high-power density and high-energy density characteristics.
EXPERIMENTAL SECTION
Synthesis of LTO-ACs. LTO-ACs were prepared by a vacuum impregnation technique. In a typical synthesis, 340 mg of titanium(IV) butoxide (reagent grade, 97%, Sigma-Aldrich, USA) and 57 mg of lithium acetate (99.95%, Sigma-Aldrich, USA) were dissolved in 2 mL of methanol (anhydrous, 99.8%, Sigma-Aldrich, USA) by ultrasonication for 5 min to obtain a transparent solution with a bright yellow color as the precursor. In an argon-filled glovebox, the precursor solution was then added dropwise to 200 mg spherical nanoporous activated carbon. Vacuum was applied during the interval of every second addition. The precursor AC composites were then preheated in air at 300°C for 1 h, followed by calcination at 800°C in argon atmosphere for 10 h, yielding LTO-ACs. All three LTO-ACs were produced identically, using the same amount of starting materials, and contained identical LTO to AC ratio in mass.
Material Characterization. XRD patterns were collected on a X'Pert PRO Alpha-1 (PANalytical, The Netherlands) with Cu Kα radiation at a voltage of 40 kV and a current of 20 mA. SEM images and EDS elemental mapping were acquired on Hitachi SU8010 (Japan). HR-TEM and STEM images with EDS line scans were performed on a Tecnai F30 (FEI, The Netherlands). The BET surface area and pore size distribution by the DFT method were analyzed on a ASAP 2020 (Micromeritics, USA). Thermogravimetric analysis was performed on a Pyris 1 TGA.
Electrochemical Measurements. Electrochemical characterization was carried out using type 2032 coin cells at room temperature. The thin-film cathode consisted of commercial active carbon (YP-17D) and polytetrafluoroethylene (60% dispersion in H 2 O, SigmaAldrich,USA) in a weight ratio of 90:10, while the anode consisted of active material (LTO-ACs), carbon black (added for comparison with prior studies on LTO), and poly(acrylic acid) (MW ∼450 000, Polysciences, Inc., USA) in a weight ratio of 70:15:15, casted on Cu foil. The electrodes were dried in vacuum at 70°C for 12 h. The electrolyte was composed of 1.0 M LiPF 6 in acetonitrile. Coin cells were assembled identically in an argon-filled glovebox. The cyclic voltammetry studies and galvanostatic charge−discharge tests were performed using a Solartron 1480 Multistat (USA) and an Arbin BT-2043 (Arbin Instruments, USA), respectively. Volumetric capacities were calculated at the active material (individual particle) level by considering total porosity of the composite powders, mass fractions of C and LTO, as well as their densities.
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